How easy is it to improve the catalytic power of an enzyme? To address this question, the gene encoding a sluggish mutant triose-phosphate isomerase (D-glyceraldehyde-3-phosphate ketol-isomerase, EC 5.3.1.1) has been subjected to random mutagenesis over its whole length by using "spiked" oligonucleotide primers. Transformation of an isomeraseminus strain of Escherichia coli was followed by selection of those colonies harboring an enzyme of higher catalytic potency.
changes will yield the predicted outcomes.
The second and complementary approach does not test our current views of the functional consequence of a particular structural change but rather aims for a deeper understanding of the problem by identifying all of those structural changes that produce a particular functional effect. Random mutagenesis allows a defined region of mutant sequence "space" (10) to be searched by creating a library ofamino acid changes in the protein. Selection from this library then identifies mutants that confer the desired phenotype. Since this approach avoids all preconceived ideas about what is important, and since (at least in principle) all possible single amino acid changes and some fraction of double and higher order changes can be made, the potential exists for the unbiased discovery of alternative structural responses to a given functional challenge. In a sense, of course, the random mutagenesis approach mimics the evolutionary refinement of biological function at the molecular level.
In the work reported here, we have identified the single amino acid changes that improve the catalytic potency of a mutant triose-phosphate isomerase (D-glyceraldehyde-3-phosphate ketol-isomerase, EC 5.3.1.1) that has 1/1000th the activity of the wild type. Three questions about the relationship between enzyme structure and catalytic power have been answered. These questions are: (i) can the catalytic activity of a sluggish enzyme be improved other than by mere reversion to the wild type (this question is equivalent to asking whether there are other accessible "solutions" to the catalytic "problem"); (ii) if such improvement were possible, would it be rare (that is, are there only a few ways in which a protein can accommodate to and compensate for a particular catalytic lesion); and (iii) how are such second-site suppressor changes distributed, and can we learn from their distribution?
The recovery of function of a mutant protein by pseudoreversion is, of course, a well-established phenomenon. The early work of Benzer (11) , of Crick et al. (12) , and of Yanofsky (13) and later studies [such as those of Sauer and his colleagues on phage A repressor (14) ] have shown the feasibility of rescuing protein function (15) . Yet such investigations have used methods either where the generation of mutations is not random and the search has been limited by mutational "hot spots," or where a random search is made only over a limited portion ofthe gene of interest. In contrast, we report here the results from a complete and unbiased search across the whole gene that allow us to identify those alterations that produce catalytic improvement and to recognize those tracts of sequence within which no changes of amino acid residues give a more efficient catalyst.
The target enzyme was triose-phosphate isomerase, which catalyzes the interconversion of dihydroxyacetone phosphate and D-glyceraldehyde 3-phosphate (Fig. 1) . The enzyme is an a2-chain dimer of subunit Mr 26,500, and the gene encoding the chicken muscle enzyme has been cloned and expressed (16) in an Escherichia coli strain (DF502) from which the endogenous isomerase gene (tpi) has been excised (17) . Crystal structures ofboth the chicken (18) and yeast (19) enzymes alone and in combination with substrate (20) or inhibitors (21) have been solved to high resolution. Mechanistic studies (22) pBSTIM. The triose-phosphate isomerase gene (tpi), behind the trc promoter (a tac-related promoter containing an additional nucleotide between the -35 and -10 regions), was introduced into the pBSRP vector from pX1c (16, 31) on an EcoRI-Pst I fragment. The tpi gene is expressed in the same orientation as the ampicillin-resistance gene in pBSTIM. This vector expresses triose-phosphate isomerase at roughly 100 ,ug/ml of cell culture and was used in the isolation of purified proteins.
ptsTIM. The ptsTIM[E165D] plasmid was used in the mutagenesis and selection steps. The plasmid was produced by introducing the Sca I-Pst I fragment of pXlc[E165D], containing the E165D isomerase gene and its promoter, into the pBSRP vector, which also contains unique Sca I and Pst I sites. This plasmid expresses triose-phosphate isomerase at 7 ug/ml of cell culture.
Random Mutagenesis of the E165D Isomerase. The protocol for mutagenesis using spiked oligonucleotides has been described (32) . The mutant E165D isomerase was subjected to mutagenesis by using 10 "spiked" oligonucleotides that had been synthesized with a total contamination level of the three "wrong" phosphoramidites of 2-2.5%. These 10 oligonucleotides ranged from 69 to 92 bases in length and spanned the entire isomerase-gene. At least 150,000 transformants of E. coli DH5 were obtained from each oligonucleotide window (and at least 300,000 transformants from those oligonucleotides that encode the known active site functionalities Asp-165 and His-95). Several sets of transformants were checked to confirm the efficiency of mutagenesis and the randomness of base misincorporation. The transformants from each ohgomer were separately pooled, and the plasmid DNA from each pool was isolated. Transformation of the isomeraseminus E. coli strain (DF502) then allowed the selection of colonies that harbor isomerases having a specific catalytic activity greater than that of the starting E165D enzyme.
Selection of Pseudorevertants. Selection for isomerases of increased specific catalytic activity was performed on M63 minimal agar plates (33) containing glycerol as the sole carbon source as described (32) . Plasmid DNA from each colony that survived the selection step was then isolated by alkaline lysis (34) after growth of an overnight culture, and the isomerase gene was sequenced across the region of the mutagenic oligonucleotide. Each mutant tpi gene, together with the trc promoter used for its expression, was excised on an EcoRIPst I fragment, and this fragment was introduced into the pBSRP vector [a modified version of pBS(+), described above]. Each mutant-bearing plasmid was reintroduced into the isomerase-minus strain DF502, and overnight cultures of each mutant were assayed for isomerase activity as described (32) . The isomerases from clones that grew on minimal plates containing glycerol, that gave a higher isomerase activity in crude lysates, and that showed an amino acid change in the DNA sequence were purified as described (32) .
Steady-State Kinetics. Kinetic measurements were performed on a Hewlett-Packard 8452A diode array spectrophotometer with a Brinkmann RMS 6 temperature controller. Enzyme assays, based on the method of Putman et al. (35) , were performed at 30°C in 0.1 M triethanolamine hydrochloride buffer (pH 7.6) containing 10 mM EDTA.
RESULTS AND DISCUSSION
Random Mutagenesis. The random mutagenesis protocol that we adopt must be definably random, and the amino acid sequences generated must not be biased or limited by features such as hot spots (11, 36) or unreactive regions in the DNA substrate. Though there are many ways of introducing undirected changes into particular genes (37), the criterion of assured randomness rules out all in vivo methods such as the use of mutator strains (38) , the application of mutagenic agents to whole cells, or the induction of error-prone repair systems (39) . The use of enzyme-dependent methods (40) , however ingenious (41) , with the isolated gene can also suffer from sequence selectivity. Even the chemical mutagenesis procedure developed by Myers et al. (42) gave an uneven distribution of mutations in our system. A second requirement of the mutagenesis protocol is that the most extensive region of sequence space be searched. The protocol must Biochemistry: Hermes et al.
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Biochemistry: Hermes et al. maximize the access to the other 19 amino acids that can be encoded at each position. When one base in a codon is changed, an average of only 5.7 (of the 19) other amino acids can be encoded (and these alterations tend to be conservative), but when two bases in a codon are changed, the average number of other amino acids that can be accessed rises to 15.7. This number obviously includes amino acids having a variety of side-chain characteristics.
We developed the spiked oligonucleotide primer approach (32) to generate our library of mutants. Long oligonucleotides were synthesized that contain a small fixed percentage of the three wrong bases at every position (43) , and these spiked primers (32, 43) were used in a high-yield mutagenesis protocol (44) to produce a collection of mutants that span the length of the primer. This procedure is illustrated in Fig. 2 . By using several primers, the whole of the structural gene was subjected to mutagenic variation, the severity of which was determined by the percentage of wrong amidite reagents used in the synthesis of the primer.
The probability P of finding n errors in an m-long oligonucleotide that is synthesized with a fraction a of the three wrong nucleotides at each position is:
[1]
Specifically, by screening 150,000 transformants with mutagenic 75-base primers at a total contamination level of 2.5% of the three wrong phosphoramidites, we have covered >99% of the one-base changes and -75% of the two-base changes that are possible in that oligomer window. Two other features of the method are worth noting. First, we can specify "immutable"s positions, where for particular codons, clean (unspiked) reagents are used. This possibility was important in the work described here, where we wished to minimize the background of true revertants in the search for pseudorevertant clones. Second, the incorporation of a silent base change within each primer as a marker provides an early check on the efficiency of the mutagenesis procedure and confirms that a high percentage of the resulting clones are derivesl from the primer.
Because there are no hot spots in a synthetic oligonucleotide, provided that the synthesis is performed with pure reagents of equal reactivity, there is an equal probability of mutation at every position along the primer. In principle, there is no bias in the percentage of spiking, in the nature of the improper base, or in the position of the change when this method is used; in practice, each ofthese concerns is checked experimentally (31, 32) . Deviations from randomness deriving from differential phosphoramidite stability, from synthesizer malfunction, from differences in coupling kinetics, from inadequate amidite mixing, or from sequence-dependent effects on base incorporation rates, can be identified and eliminated. In the present case, up to 100 individual clones from a mutagenesis experiment were isolated without any phenotypic selection and were sequenced to verify that the efficiency and randomness criteria were satisfied (32) .
Identification and Selection of Pseudorevertants. At least 106 DF502 transformants deriving from each of the 10 spiked primers were subjected to selection on glycerol plates. This selection is based on the following trick. While the isomeraseminus host strain will grow on glycerol (from which dihydroxyacetone phosphate is made) containing lactate (which provides D-glyceraldehyde phosphate), it cannot grow on either glycerol alone or lactate alone (16) . Plasmid-mediated expression of wild-type isomerase from the trc promoter allows DF502 to grow on either glycerol or lactate as the sole source of carbon. When the mutant E165D isomerase is expressed from the same promoter, however, the transformants grow on lactate but not on glycerol (28) . Herein lies the basis for the selection of mutants: colonies that appear on glycerol plates have more isomerase activity than the E165D mutant. [The reason why colonies expressing less than about 100 picounits per cell of isomerase activity grow on lactate but not on glycerol is not known, but it seems likely that cells grown on glycerol accumulate dihydroxyacetone phosphate that decomposes nonenzymatically to toxic methylglyoxal (45) . Cells grown on lactate will not accumulate such high levels of D-glyceraldehyde phosphate (the path to which is longer and thermodynamically more unfavorable). Less methylglyoxal forms, and the cells survive.] Happily, the selection is not absolute, and even cells that only produce the E165D mutant may form small colonies on glycerol plates after 48 hr. As a result, colony size can be used on the borderline as an indicator of isomerase activity, and mutants that are only slightly better catalysts than the starting E165D enzyme can be scored and identified.
Overall, 436 clones were picked for further characterization. This number is very much higher than the number of true pseudorevertants for several reasons. First, we picked candidate colonies generously to be sure that true but only marginally improved pseudorevertants would not be missed. Second, we were aware of secondary structure near the initiation codon that could modulate both transcription and translation (31) , and the selection could not distinguish between a more active enzyme and more of a less active one. Third, although the synthesizer misincorporation frequency is low when unspiked phosphoramidites are used, these errors, as well as polymerase infidelity during the mutagenesis protocol, lead to the appearance of some true revertants at position 165. From all of the generated mutants, which peppered the entire isomerase gene, six pseudorevertants were identified, sequenced, and characterized (see Table 1 ). The kinetic characteristics of each of the purified proteins, improved as catalysts by between 1.3-and 19-fold, are summarized in Fig. 3A and Table 2 .
Number and Nature of the Pseudorevertants. The search for pseudorevertant isomerases from the E165D mutant has produced a variety of amino acid changes, scattered across the entire sequence, that can partially compensate for the lesion represented by E165D. The wide distribution of mutations suggests that the spiked primer approach is gratifyingly thorough in producing random changes in a target gene. It is also clear from to any pseudorevertants. While it is obviously premature to generalize, it may turn out for enzymes such as triosephosphate isomerase, where there is no evidence for information transfer either within or between protein subunits, that only local changes in the first or second shell of amino acid residues near the active site will affect the specific catalytic activity. Perhaps this finding should not surprise us. When one examines the conserved regions of particular enzymes from a range ofspecies, these regions are usually localized in and near to the active site. Such is certainly the case for triosephosphate isomerase, for which some 12 sequences are known 1.0 r tDesignations are in amino-acid single letter code and are explained in the legend to Fig. 3. tRelative to the E165D mutant enzyme.
from species as diverse as Bacillus, the coelacanth, and man (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) . This view of enzyme catalysts (at least, of those that catalyze simple chemical reactions) would lead one to believe that enzymes are generated by the appropriate disposition of catalytic functionality upon a stable three-dimensional scaffolding. The arrangement must be precise [we must not forget that in the E165D mutant of isomerase, less than 1 A is worth nearly a factor of 1000 in kcat (26)], but the experiments described here suggest that there will be a number of ways to achieve that precision. Further, the idea of a range of pendant catalytic groups from a stable scaffolding is made attractive by the growing list of enzymes [now more than 14 (57, 58) ] that catalyze a variety of different reactions but that all have their active sites at the C-terminal end of an eightfold B-barrel, the archetype of which is triose-phosphate isomerase (18) .
The above speculations notwithstanding, all of the catalytically improving changes that we have found are in or close to the active site. These positions are highlighted in Fig. 4 . Gly-10 lies three residues away from active-site Lys-13, Ser-96 and Glu-97 are adjacent to the catalytic electrophilic His-95, Val-167 is two residues from the essential catalytic base Glu-165 (which is aspartate in the sluggish mutant), and Gly-233 provides a hydrogen bond to substrate [as deduced from the crystal structure of the yeast enzyme complexed with phosphoglycolohydroxamate (21)]. While the molecular details of these changes and the correlation with their functional consequences must await the appropriate structural results, it is clear that each of these local alterations nudges the active site back towards higher catalytic effectiveness. Interestingly, all of the second-site suppressor mutations occur at positions where the sequence is highly conserved among species. In fact, only two of the altered residues show any variability at all, and each of these changes is conservative: Val-167 is a leucine in the Bacillus stearothermophilus enzyme (48) , and Gly-10 is an alanine in the isomerase from Trypanosoma bruceii (56) .
Our finding of six pseudorevertant isomerases of improved catalytic potency by using the spiked primer approach sharply contrasts with the fact that chemical mutagenesis yielded only one. In three discrete experiments in which the gene for the E165D isomerase was subjected to the chemical procedures of Myers et al. (42) , only one pseudorevertant [E165D, S96P
(designation for the Ser-%-* Pro mutant)] was ever found (31) .
From this result alone, we could not be certain whether the Ser-96 --Pro mutation was the only possible way that the E165D mutant could be improved, or whether biases in the method (that is, the nature of the chemical mutagens used and of the particular gene being subjected to them) were simply finding a mutagenic hot spot at position 96. This concern that chemical reagents do not generate truly random changes was heightened by our finding that chemical mutagenesis of a quite different sluggish isomerase with a His-95 -* Asn mutation (designated H95N, the specific catalytic activity of which is about 10-4 that of the wild type) also produced (59) a single pseudorevertant: H95N, S96P! The possibility that the S96P mutation is somehow a "global" suppressor [compare the global suppression of structural stability mutants in staphylococcal nuclease (60) ] was ruled out by the finding that this change in the wild type is catalytically deleterious. These activity relationships are illustrated in Fig.  3B and suggest that the chemical procedure may indeed be biased. The spiked primer method is clearly superior in the exploration of sequence space.
These experiments not only demonstrate the feasibility of improving the catalytic effectiveness of an enzyme but also show that a range of different structural modifications can produce similar functional outcomes. Those who aim to manipulate the specificity or catalytic activity of enzymes can be encouraged by these results, for the notion that enzymes are the extremely rare products of an evolutionary process that cannot be simulated is unnecessarily defeatist. We have shown that six different changes will improve the catalytic activity of one sluggish isomerase mutant. Changes in the catalytic activity of enzymes by random mutagenesis and selection should become routine, and as these changes are scrutinized, our understanding of the structure-function relationship will deepen. This work was supported by the National Institutes of Health.
